Epidemiological studies on premodern and modern Western societies indicate that birth season may influence female reproduction. Nothing is known, however, about this effect in developing economies. Many of the latter are characterised by tropical climates with a rainy season associated with lower food availability and a greater prevalence of infectious diseases. We therefore predict that an association between birth month and reproductive output, if it exists, should be related to the rainy season. To test this prediction, we analysed census data of Vietnam obtained from IPUMS-International (Vietnam 1999 Population and Housing Census). Based on 493,853 women born between 1950 and 1977 and thus aged 22 to 49 years, we found that the time series of mean offspring count per month of birth has a highly significant period of 12 months (power = 46.871, P < 0.00001). Our results further indicate that the 12-month periodic signal has a maximum in July and a minimum in January. Accordingly, the peak corresponds to birth during the rainy season, the low if the third pregnancy month concurs with the rainy season. The month of birth is therefore clearly associated with the later reproductive performance of Vietnamese women, strongly supporting the assumption that environmental and maternal conditions during early development exert long-term effects on reproductive functioning. Provided the rainy season adversely affects developmental processes due to inadequate food and/or high infection risk, the association reported here points to a critical period of reproductive development during early pregnancy.
season is associated with lower birth weight (Dinh et al., 1996; Kinabo, 1993; Lawrence et al., 1987; Moore et al., 2001; Prentice et al., 1981) , higher infant mortality (Simondon et al., 2004) , and higher mortality among young adults (Moore et al., 1997; . In these countries, the rainy season is associated with the depletion of the previous year's harvest and, thus, lower availability and higher costs of food (Becker et al., 1986) . It is also correlated with an intensive agricultural work load (Kinabo, 1993; Lawrence et al., 1987; Panter-Brick, 1993; Sear et al., 2004) and the prevalence of infectious diseases, particularly malaria (Bates et al., 1991; Kinabo, 1993; Sear et al., 2003; Sear et al., 2004) . Accordingly, we predict that an association between birth month and later reproductive performance, if it indeed exists, should be related to the rainy season. Such an association would point to periods of early reproductive development that are particularly susceptible to adverse environmental and maternal influences. As Vietnam has such a climate, we investigated the relationship between the month of birth and later reproductive output in a large sample of Vietnamese women to test this prediction.
METHODS
Vietnam is located between 9 and 23 degrees north. It has a tropical monsoon climate with a single rainy season during the south monsoon (May to September). Temperatures are high year round for southern and central Vietnam, whereas northern Vietnam has a cooler season from November to April. Vietnam is one of the poorest Asian countries, with a gross domestic product in 1999 of 410 US$ per individual.
To analyze the relation between the month of birth and offspring count in Vietnamese women, we used the data from the Vietnamese "1999 Population and Housing Census", obtained from IPUMS-International (Minnesota Population Center. Integrated Public Use Microdata Series -International: Version 3.0. Minneapolis: University of Minnesota, 2007, Vietnam General Statistics Office, http://international.ipums.org). This is a collection of publicly available individual-level census data, where names and other identifying information have been removed (Minnesota Population Center, 2006) . In this census, a 3% sample was used to obtain information on births and deaths. This sample is representative for the entire Vietnamese population: it represents a stratified systematic sample of enumeration areas; all dwellings/households within an enumeration area are included in the sample. The date of the census was 1 April 1999, and it was completed within 10 days. This census contains data on birth month, the number of biological children born up to March 1999, and the highest level of education attained. We conducted all analyses on a monthly basis using April 1999 as a reference point. We analyzed women in their reproductive ages to examine whether a putative birth date effect varied during the reproductive career of a woman. We included women born between 1950 and 1977 and thus aged older than 21 years (to avoid small sample sizes per month of birth in younger women) and younger than 50 years of age (offspring count was not sampled for women aged 50 years and older). This yielded a total of 493,853 individuals. We included childless individuals in the analysis, and additionally examined whether the probability to remain childless was also associated with the month of birth by calculating the percentage of childless individuals per month of birth for all women born between January 1950 and December 1977.
We calculated the mean number of biological children of all women born per month of birth from January 1950 to December 1977, thereby obtaining a time series totalling 336 months. To remove the trend caused by the age effect on the number of biological children ( Fig. 1 ), we performed a quadratic regression of mean offspring count per month of birth and used the residuals of this quadratic regression for all further analyses. We calculated this 336 month time series for (i) all individuals in our sample. To control for climatic differences associated with latitude, we additionally calculated this time series separately for inhabitants of (ii) northern Vietnam (i.e., regions northwest, northeast, Red River Delta), (iii) central Vietnam (i.e., regions north central coast, south central coast, central highlands), and (iv) southern Vietnam (i.e., regions south east, Mekong River Delta). To control for a potentially confounding effect of education, we further calculated the time series separately for (v) uneducated women (i.e., women without schooling), (vi) women with primary education (i.e., women with up to 6 years primary education), and (vii) women with at least secondary education (i.e., women with lower secondary up to university education). Finally, to control for a potentially confounding effect of occupation (used as an indicator of socio-economic status because income data are not available in this census), we calculated the time series separately for (viii) women occupied in elementary occupations (i.e., ISCO code 9 according to the "International Standard Classification of Occupations" encoded in IPUMS Vietnam 1999 https://international.ipums.org/international-action/variableDescription.do? mnemonic=OCCISCO), (ix) women occupied in lower nonelementary occupations (i.e., ISCO code 5-8: service workers and shop and market sales; skilled agricultural and fishery workers; crafts and related trades workers; plant and machine operators and assemblers) and (x) women occupied in higher nonelementary occupations (i.e., ISCO 1-4: legislators, senior officials and managers; professionals; technicians and associated professionals; clerks). Sample sizes differ owing to missing data regarding education and occupation.
We tested the residuals of all time series for significant periods using a Lomb-Scargle periodogram (Press et al., 1992) , which is a derivation of the classical periodogram based on the method of least squares; it allows missing data and unequally spaced time series. We calculated the Lomb-Scargle periodogram both using a moving average of three to remove possible serial correlations (Ruf 1999) , and without using such a moving average. In addition, for the analysis of all individuals, we calculated the periodic signal using the main Fourier component that was found to be significant by the Lomb-Scargle periodogram. That periodic signal was then plotted both over one year and for the entire time series, the latter together with the residuals of the quadratic regression.
The total fertility rate strongly decreased over the studied years from 7.25 in year 1970 (when the oldest women in our sample were ~20 years old) to 2.50 in year 2000 (source: UN Common Database). We therefore analyzed the association between birth month and average offspring count also in those women who had already finished reproduction. This involved including only women born between 1950 and 1953 and thus aged 47 to 49 years, who did not give birth during the previous 3 years (i.e. after 1996). A Kruskal Wallis H-test was performed on these data.
In the appendices, we present descriptive statistics: average offspring count per month of birth for all time series calculated (Tables A1-A10) as well as the percentage of childless individuals per month of birth (Table A11) .
RESULTS
Including all individuals, the time series of mean offspring count per month of birth of Vietnamese women born between January 1950 and December 1977 has a strong cyclic component (Fig. 1) . The cyclic component still remains after removal of the trend caused by the effect of age on reproductive output (via a quadratic regression of mean offspring count per month of birth; Fig. 2 ). Applying the Lomb-Scargle periodogram to the residuals of this quadratic regression, we find two highly significant periods at 4 and 12 months (Fig. 3) , with a power of 46.871 (P < 0.00001) at the period of 12 months, suggesting a clear 12-month birth season variation of offspring count in Vietnamese women. The period at 4 months can be attributed to serial correlations in the time series, as only the 12-month peak remains significant if the residuals of the time series are smoothed using a 3-month average prior to performing the Lomb-Scargle Periodogram. The 12-month periodic signal of all residuals of this quadratic regression plotted over one year has a maximum in July and a minimum in January (see also Table A1 for descriptive statistics). Thus the peak is if birth concurs with the rainy season, the low if the third pregnancy month concurs with the rainy season (Fig. 4) .
Analyzing post-reproductive women (i.e., women aged 47-49 years who had not given birth during the previous 3 years) yielded a similar association between birth month and reproductive output: on average, women born in June had the most, those born in December the least offspring ( Fig. 5 ; Kruskal Wallis H-Test: df = 11, n = 28.930, χ 2 = 106.22, P < 0.001).
The climatic variation between northern and southern Vietnam does not substantially affect the association between birth month and offspring count: the Lomb-Scargle periodogram performed on the residuals of individuals either born in northern (n = 196,752) or southern Vietnam (n = 181,835) shows a significant peak at 12 months, that for individuals born in central Vietnam (n = 115,266) a major peak at 12 months and minor peak at 4 months (we also attribute this minor peak to a serial correlation in the time series because it vanished in the smoothed time series). Again, women born in June (southern Vietnam) or July (northern and central Vietnam) have a maximum and those born in December a minimum average offspring count (Tables A2-A4 ). In addition, the Vietnam War from 1964 to 1975 did not exert any obvious effect on either average offspring count per year or on the association between birth month and mean offspring count (see Table A1 ).
Inaccurate reporting of birth months, which may reflect illiteracy, is an unlikely cause of the association between birth month and offspring count among Vietnamese women: among uneducated women (n = 29,795), the Lomb-Scargle periodogram only shows a significant 12-month peak if the time series is smoothed (P = 0.0037); in addition, maximum average offspring count is found in women born in July, but minimum count in those born in May (Table A5) . We attribute the lack of a corresponding birth month effect mainly to low sample size (only ~90 individuals per birth month). In women with primary education (n = 289,957), on the other hand, the 12-month period is again highly significant (P < 0.00001): women born in July again have maximum and those born in December minimum counts (Table A6 ). In women with at least secondary education (n = 169,807), the birth month effect on reproductive output is less clear: the Lomb-Scargle periodogram shows only nonsignificant peaks at 4 and 12 months, and minimum counts are found in women born in December, maximum values in those born in February (Table A7) . Similarly, women with higher nonelementary occupations (n = 53,060) show only a nonsignificant birth month effect: the periodogram has two nonsignificant peaks at 4 and 12 months, with maximum values for women born in February, minimum values for those born in November (Table  A10 ). In women occupied in elementary (n = 227,669) and lower nonelementary occupations (n = 109,065), on the other hand, the 12-month period in the Lomb-Scargle periodogram is again highly significant (P < 0.00001; a minor peak at 4 months vanished in the smoothed time series). Moreover, minimum average offspring count is found in women born in December, the maximum in those born in July (elementary occupations) or February (lower nonelementary occupation) (Tables A8 and A9 ).
In women born after 1965, the probability to remain childless also corresponded with the month of birth, i.e. highest percentage of childless individuals in months with least average offspring and vice versa. In women born between 1950 and 1965, however, this association showed no clear pattern (see Table A11 ). This indicates that women born in months represented by high average offspring count start giving birth at a younger age than those born in months with lower count. Apart from that, the month of birth did not appear to affect the probability of remaining childless.
DISCUSSION
We find that the month of birth is strongly associated with reproductive performance of Vietnamese women born from . Although the amplitude decreases with decreasing age (see Fig. 1 ), the phases remain surprisingly stable within the investigated age range from 22 to 49 years, as evidenced by the highly significant 12-month period obtained in the Lomb-Scargle periodogram. This association remained essentially unchanged when possible confounders such as reproductive age, the climatic variation between northern and southern Vietnam, or the Vietnam War were taken into account.
Education and occupation, on the other hand, did affect the association between birth month and offspring count: an association was present only in women with primary education or those occupied in elementary and lower nonelementary occupations. In uneducated and highly educated women, as well as those occupied in higher nonelementary occupations, the association was less clear. The weaker birth month effect in women with at least secondary education or with higher nonelementary occupations may reflect lower exposure to adverse environmental conditions as such exposure is presumably less pronounced in women of higher socio-economic status (i.e. higher education and high-level occupations). Likewise, in New Zealand, the significant association between birth month and offspring count in women from low-income families vanished in those of higher income categories (Huber et al. 2008) . The lack of significance in the higher nonelementary category, however, may also reflect low sample size, as is the case with uneducated women.
Effects of the season of birth on the reproductive performance of women have been reported in premodern (Lummaa and Tremblay, 2003; Smits et al., 1997) as well as modern Western societies (Huber et al., 2004a (Huber et al., ,b, 2008 . To our knowledge, such potential correlations have not been investigated in developing economies yet, although effects of birth season on parameters such as immune competence and survivability have been demonstrated Kynast-Wolf, 2006; Moore et al., 1997) . Moore et al. (2001) , for instance, showed a strong association between birth during or shortly after the annual rainy season and mortality risk from infectious diseases among young adults in rural Gambia. The authors suggest that factors like inadequate food and seasonal infections during the pre-and early postnatal period may have long-term consequences for the immune system. Accordingly, the effects found in these countries probably involve the seasonality of nutrition, energy budget, and infections caused by the alternation between the rainy and dry seasons: the former is typically associated with a depletion of food stocks together with a high energy expenditure for an intensive agricultural workload (Kinabo, 1993; Lawrence et al., 1987; Panter-Brick, 1993; Sear et al., 2004) . This is compounded by an increased risk of malaria infection and diarrheal disease (Bates et al., 1991; Dicko et al., 2003; Kinabo, 1993) .
Malaria impacts reproductive function via a negative effect on the blood supply to pregnant women and their fetuses (Kinabo, 1993) , increased abortion and stillbirth rates in women, as well as reduced sperm counts in men (Sear et al., 2003) . Inadequate food intake, which delays menarche, prolongs lactational amenorrhea and suppressesg ovulation frequency, are also factors (Bronson, 1995; Ellison et al. 1993; Panter-Brick et al. 1993) . Moreover, maternal undernutrition during pregnancy can reduce ovulation rates in adult female offspring, pointing to the potential of carry-over effects of malnutrition in utero on later reproductive function (Ibanez et al., 2002) . Jasienska et al. (2005) also reported a positive association between the ponderal index of women at birth and estradiol levels measured during adulthood. The authors (Jasienska et al. 2006) further showed that differences in nutritional status at birth are associated with the sensitivity to adult ovarian function.
Parameters frequently hypothesized as causative agents of the birth season effects on reproductive performance in Western populations with temperate climates, such as photoperiod or temperature, are less likely involved in a tropical country like Vietnam owing to their flat seasonal fluctuation. An effect of temperature, however, cannot be excluded because monthly averages of daily minimum temperatures and conception rates are significantly negatively correlated in Saigon (Roenneberg and Aschoff, 1990 ).
The main periodic signal of the birth month effect in the present study follows a sinusoidal curve with a maximum in July and a minimum in January (higher average reproductive output after birth during the rainy season, lower values if the third month of pregnancy concurred with the rainy season). If the rainy season adversely affects early developmental processes due to inadequate nutrition and/or an increased infection risk, then the found pattern indicates a critical period of reproductive development during early pregnancy, particularly during the third month of pregnancy. This would be supported by certain characteristics of ovarian development in the human fetus. A critical period is during early pregnancy because the maximum number of germ cells and peak levels of fetal gonadotropins are already present at mid gestation and decline thereafter (Ammini et al., 1994; McGee and Hsueh, 2000; Smitz and Cortvindt, 2002 ).
In conclusion, our finding strongly supports the assumption that environmental and maternal conditions during early development are decisive for later reproductive functioning. Determining the periods of early reproductive development that are particularly sensitive to environmental and maternal effects could ultimately help to understand early causes of reproductive disorders.
APPENDICES APPENDIX A1
Mean offspring count per birth month, mean offspring count per birth year, and difference between maximum and minimum mean offspring count per birth month of all women in our sample (n = 493,853) 
APPENDIX A2
Mean offspring count and difference between maximum and minimum mean offspring count per month of birth of all women born in northern Vietnam (n = 196, 752) 
APPENDIX A6
Mean offspring count and difference between maximum and minimum mean offspring count per month of birth of all women with primary education in our sample (n = 289,957) born between January 1950 and December 1977 (light grey boxes represent months with minimum, dark grey boxes months with maximum mean offspring count per year) Offspring count (mean ± SE) per month of birth for post-reproductive Vietnamese women (i.e., women aged 47 and 49 years who had not given birth during the previous 3 years).
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